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Abstract—A novel ultra-sensitive Parity-Time symmetry
based Graphene FET (PTS-GFET) sensor is studied for gas
concentration detection. The PTS-GFET sensor effectively
integrates the sensitivity of the PT symmetry around its
Exceptional Point (EP) and the tunability of the GFET
conductance. The change of GFET conductance with the
gas concentration can be brought back to the EP of the
PTS-GFET by tuning the gate voltage on the GFET. Thus,
the applied gate voltage indicates the gas concentration. The
minimum detectable gas concentration has been derived and
estimated based on the experimental data, which shows that
PTS-GFET can detect gas concentration below 50 ppb.
Index Terms—Parity-Time (PT) symmetry, graphene
Field Effect Transistor (GFET), tunable gas sensors.
I. INTRODUCTION
Tunable Graphene Field Effect Transistor (GFET) can
be used as resistance based sensitive sensors to measure
ppb-level concentrations of gases such as NO2 and NH3
[1]. However, working at low-frequency is prone to the
1/f noise, which reduces the sensitivity of the GFET
sensors.
Sensors working at the electromagnetic frequency [2]–
[30] can eliminate the 1/f noise to improve the sensors’
performance. In addition, bandpass filters of high quality
factor Q can be used to further reduce the out-of-band
noise.
What’s more, the emerging Parity-Time (PT) symmetry
phenomenon at the electromagnetic frequency [31] can
be explored to build very sensitive sensors around its
Exceptional Point (EP), where the gain and loss balance
each other and the ideal frequency splitting becomes zero.
In this paper, we study an ultra-sensitive PT symmetry
based GFET (PTS-GFET) gas sensor by integrating the
sensitivity of the PT symmetry around its EP and the
tunability of the GFET.
II. THE PTS-GFET GAS SENSOR
Fig. 1 shows the concept of the PTS-GFET: it consists
of a coupled RLC resonator pair, i.e., the (−G1, L1, C1)
resonator on the reading side and the (G2, L2, C2) on the
*Shaolin Liao is the corresponding author.
GFET sensing side. Idealy, the individual resonant fre-
quencies of (−G1, L1, C1) and (G2, L2, C2) are identical,
i.e., ω1 = ω2 = 1/
√
L1C1. The negative conductance
−G1 is realized through a feedback amplifier [32]. The
conductance of the GFET G2 changes with the gas
concentration cgas, as shown by the O-A path on the
left plot of Fig. 2. To bring the PTS-GFET back to the
EP, a gate voltage VG is applied to the GFET so that
the changed GFET conductance G2 is brought back to
its origin, as shown by the A-B path on the left plot
of Fig. 2. A Vector Network Analyzer (VNA) is used
to scan the reflection spectrum to monitor that the PTS-
GFET is actually brought back to the EP conditoin, i.e.,
G1 = −G2. Finally, the gate voltage VG will indicate the
gas concentration cgas.
III. THE COUPLED RLC COIL RESONATORS
The PTS-GFET can be modeled as a coupled resonator
pair. Each resonator can be modeled as a RLC resonant
tank that consists of 3 components in parallel: a inductor
with inductance L, a capacitor with capacitance C and a
resistor R.
A. The Governing Equations System
When a pair of RLC resonant tanks are brought close
to each other, they are coupled together through magnetic
flux of the two inductive coils, which can be characterized
by the mutual inductance M . The coupled resonant coils
can be analyzed by the physical quantities of currents
i1/i2 and voltages v1/v2 through the indicators of the
two coupled coil resonators,
v1 = L1
di1
dt
+M
di2
dt
, v2 = L2
di2
dt
+M
di1
dt
. (1)
The Kirchhoff Current Law (KCL) connects the cur-
rents through the inductor with inductance L, the capaci-
tor with capacitance C and the resistor with conductance
G as follows,
i1 + C1
dv1
dt
+G1v1 = 0, i2 + C2
dv2
dt
+G2v2 = 0. (2)
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Fig. 1. The PTS-GFET sensor concept and working principle: it consists of two RLC resonators, denoted by (−G1, L1, C1) and (G2, L2, C2).
A VNA is used to obtain the reflection spectrum to find the EP of the PTS-GFET when the conductance of the GFET is tuned by the gate voltage
through a voltage-current source, in an effort to cancel the effect of the gas concentration. Also, the bottom diagram shows the working principle
of the PTS-GFET modeled as the coupled RLC resonators.
B. The Quantum Hamiltonian
In our recent paper [33], rigorous quantum Hamiltonian
for the coupled RLC coil resonators system has been
derived through twice basis transforms of the original
basis. The first basis transform rotates the original basis
such that off-diagonal terms of the governing matrix of
the equation system of the coupled coil resonators reduces
to constants. Then a second basis transform obtains the
quantum Hamiltonian, including the diagonal effective
complex frequencies and the off-diagonal coupling terms,
together with the transformed basis. In particular, for
identical and lossless coupled RLC resonators, i.e., ω1 =
ω2 = 1/
√
L1C1 and G1 = G2 = 0, the quantum
Hamiltonian reads,
H0 =
[
Ω 1
1 Ω
]
, (3)
where Ω = ω/κ is the normalized complex frequency and
κ is the effective coupling strength.
For identical PT-symmetric coupled RLC resonators,
i.e., ω1 = ω2 = 1/
√
L1C1 and G2 = −G1 = G, the
effective quantum Hamiltonian can be expressed as
HPT =
[
Ω + jg 1
1 Ω− jg
]
, (4)
where g = G/(2κ) is the normalized conductance.
If the coupled RLC resonators deviates in their own
resonant frequencies and the gain doesn’t balance the loss,
i.e., ω1 6= ω2 and G1 6= −G2, the quantum Hamiltonian
of Eq. (4) can be expressed as follows [34],
H′PT =
[
Ω + ∆− jg′ 1
1 Ω−∆ + jg
]
, (5)
where ∆ = (ω1 − ω2)/(2κ) is the normalized frequency
deviation of the two RLC resonators.
C. The Eigenfrequencies
The eigenfrequencies of the quantum Hamiltonian of
Eq. (5) are given by,
Ω± = Ω + j
g − g′
2
±
√
1−
(
g + g′
2
+ j∆
)2
. (6)
We are interested in the EP regime where g′ = 1; g ∼
1, which is realized through tuning the gate voltage VG of
the GFET. For the normalized frequency deviation ∆ ∼ 0,
the eigenfrequencies of Eq. (6) can be approximated as
follows,
Ω± =
(
Ω±
√
1− (1−∆g/2)2
)
− j∆g/2,
∼
(
Ω±
√
∆g
)
− j∆g/2, (7)
where ∆g = 1− g.
Assuming that the GFET conductance change δg is
much smaller than its Gaussian noise fluctuation standard
deviation σ, i.e., δg  σ, it can be shown [34] that the
normalized PT frequency splitting sensitivity is given by,
sΩ ≡
√
piσ
2
=
√
piσ
2
∂〈Ω+ − Ω−〉
∂∆g
∼ ∆g
σ
. (8)
Fig. 2. Conductance/resistance of GFET exposed to the NH3 gas of different concentrations: left) Drain-source current I vs. gate voltage VG; and
2) the estimated minimum detectable gas concentration cgas calculated from the experimental data.
IV. THE TUNABLE GFET
It is well-known that the conductance of the GFET G
can be tuned by applying the gate voltage VG. In practical
experimental environment, due to fluctuation of the gate
voltage δVG, the GFET’s normalized noisy conductance
δg = δG/(2κ) given by,
δg =
δG
2κ
=
∂g
∂VG
δVG, (9)
from which the standard deviation of the normalized noisy
conductance δg, denoted as σ, is obtained as follows,
σ =
∂g
∂VG
σVG , (10)
where σVG is the standard deviation of the gate voltage
VG.
V. THE MINIMUM DETECTABLE GAS
CONCENTRATION
The change of the graphene conductance ∆g due to
the change of the gas concentration ∆c is given by,
∆g =
∂g
∂cgas
∆cgas. (11)
Substituting Eq. (10) and Eq. (11) into Eq. (8), the
normalized PT frequency splitting sensitivity due to the
gate voltage fluctuation δVG is obtained,
sΩ ∼
∂g
∂cgas
∂g
∂VG
σVG
∆cgas, (12)
from which the minimum detectable gas concentration is
given by,
∆cgas ∼
∂g
∂VG
σVG
∂g
∂cgas
sΩ. (13)
We have estimated the minimum detectable gas con-
centration cgas based on the experimental data: 1) the
change of GFET conductance with respect to the gate
voltage ∂g/∂VG is obtained from the measured GFET
conductance vs. the gate voltage VG, as shown on the
left plot of Fig. 2; and 2) the change of the GFET
conductance vs. the gas concentration cgas of NO2 is
obtained from the literature [1]. Finally, the estimated
minimum detectable gas concentration cgas for different
gate voltage noise standard deviation σVG and normalized
PT splitting frequency deviation sΩ is shown on the right
plot of Fig. 2. It can be seen that the minimum detectable
gas concentration cgas < 50 ppb when the gate voltage
noisy deviation σVG = 1mV and the normalized PT
splitting frequency sensitivity sΩ < 0.02.
VI. CONCLUSION
In this paper, an ultra-sensitive PTS-GFET sensor has
been studied for gas concentration detection. The PTS-
GFET effectively integrates the sensitivity of the PT
symmetry phenomenon and the tunability of the GFET
to form an ultra-sensitive sensor. Minimum detectable gas
concentration has been analyzed. A minimum detectable
gas concentration of < 50 ppb has been estimated from
the experimental data, showing that the PTS-GFET sensor
is very promising in detecting tiny change of GFET
conductance induced by physical parameters such as gas
concentration, solute concentration in liquid and ultravi-
olet photons.
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